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ABSTRACT 

Selective Laser Melting allows for the creation of intricate porous structures, that possess 

favourable biological properties. These structures are known as porous biomaterials. The focus 

of this paper is to evaluate the use of an in-line photodiode based process monitoring system, 

for the monitoring of the operational behaviour of the laser, and to correlate this with the 

resultant parts mechanical performance.  

In this study the production scale Renishaw 500M was used to produce porous structures, using 

Ti-6Al-4V feedstock powder. During the process, a co-axial process monitoring system was 

utilised to generate data relating to both the meltpool and the operational behaviour of the laser. 

An advanced scanning technique was used to produce the structures, whereby the laser 

parameters determine the strut dimensions. In this study, the laser input energy was reduced by 

33%, 66% and 100%, at specific layers within the structures. Computer Tomography and 

Scanning Electron Microscopy was utilised to characterise the affected struts within the 

structures, while quasi-static compression testing was used to determine the structure’s 

mechanical properties. 

It was demonstrated that as the level of input energy decreased and the number of affected 

layers increased, a corresponding decrease in the load bearing capacity of the structures 

occurred. With the structures experiencing a significant loss in strength also exhibiting a 

change in the failure mode during compression testing.  Data generated during the processing 

of such structures was compared to the data generated during the processing of control 

structures, with the difference between the two been calculated on a layer-by-layer basis. A 

clear correlation was demonstrated between the total level of deviation between the two signal 

sets and a reduction in the load bearing capacity of the structures. This indicates that by 

comparing build data to a benchmark data set, valuable information relating to the structural 

integrity of the porous structures can be obtained.   
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1  INTRODUCTION 

Selective Laser Melting (SLM), allows for the production of porous metallic scaffolds, 

composed of internal micro-scaled architectures, with controlled porosity, strut and pore 

diameter. This in turn allows for the creation of porous meta-biomaterials with controlled, site 

specific mechanical properties [1]. These porous structures have a  number of  advantageous 

properties, including high strength to weight ratios, tuneable mechanical properties, as well as 

possessing osteoconductive features [2][3][4]. Combining both the freeform geometries that 

SLM can create, and the advantageous biological properties of these structures, extensive 

research has been carried out on the use of these porous-biomaterials as bone replacement 

implants. 

A number of studies have been carried out to assess the effect of SLM processing parameters 

on the mechanical properties of Ti-6Al-4V samples. Khorasania et al. for example, studied the 

effect of heat treatment, laser power, scan speed, hatch spacing and scan angle on the 

mechanical properties of bulk Ti-6Al-4V samples [5]. These processing parameters were 

correlated with the porosity and hardness of the samples. Xu at al. also investigated processing 

parameters on the alloys microstructure [6]. In their work it was shown that through process 

parameter optimisation, the undesirable martensitic microstructure could be transformed to a 

more favourable ultrafine lamellar (α+β) structure. This more favourable microstructure 

resulted in an increase in the elongation at failure, with values of 11.4% reported. In addition 

to the mechanical and microstructural properties of SLM Ti-6Al-4V, Kaschel et al. also 

investigated their influence on part dimensions [7]. It was demonstrated that lower laser power, 

250 W resulted in a 2% deviation between the CAD and the as-built part geometry, this 

increased to 4% when a power of 400 W, was applied. Indicating that in addition to porosity 

and hardness, that processing parameters can also influence the geometric accuracy of parts 

produced using the SLM technology.  

Melancon et al. [8] investigated the relationship between biomaterial micro-architecture and 

the mechanical properties of porous structures. Experiments utilising computer tomography, 

mechanical testing and statistical analysis of geometric defects were used to improve the 

accuracy of property maps for two different types of biomaterials. While this study took into 

account the effect that micro-defects had on the accuracy of predictive models, the effect that 

more sever defects, that could potentially lead to a reduction in part quality, was not assessed. 

Bobbert et al. reported on the design and SLM of sixteen different types of porous biomaterials, 

which exhibited mechanical properties similar to that of human trabecular and cortical bone. 
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The biomaterials created were reported to possess mechanical properties which reduced 

potential stress shielding, while maintaining a sufficiently open structure to promote bone 

ingrowth [9]. 

An important mechanical property of a bone scaffold of implant is its fatigue performance. 

Dallago et al. assessed the fatigue strength of regular cubic open cellular structures, each with 

a Young’s modulus of 3 GPa, which is similar to that of human trabecular bone. In their study 

the effect of defects such as porosity, surface roughness and geometric inaccuracies on the 

fatigue life of the structures was investigated. Dallago et al. found that the fatigue strength of 

the structures was highly dependent on imperfections and notches on the surface of the 

structures [10]. Extensive research has been carried out exploring the design, topology 

optimisation of porous structures, as well as on the effects that these properties have on the 

biological properties of the structures [11][12][13][14][15][16][17][18][19][20][21]. There 

have been no reports however, investigating the SLM process of porous biomaterials from a 

quality control or quality assurance point of view.  

Despite the many advantages of SLM, issues surrounding the consistency of parts produced 

necessitates a high level of post build quality control (QC), in order to ensure that the parts 

meet their specific requirements [22]. QC checks, such as  computer tomography (CT) scanning, 

are usually carried out post build on every part, of a given build [23]. This method of QC is 

both expensive and time consuming, with parts that fail to meet the required specifications been 

scrapped, generating more process waste [24]. Therefore, in order to reduce the amount of post 

build QC, it is critical to develop ‘robust’ methods of in-process monitoring for the 

identification of build defects. 

A number of authors have reported on the use of monitoring (PM) systems for SLM processes,  

[25][26][27][25][28]. These typically involved the use of photodiode systems to monitor the 

emissions coming from the meltpool created during the processing of single line scans or 

relatively primitive test samples. There have been very few reports on how the data generated 

by PM systems correlated with the part’s mechanical properties. An example by Bisht et. al. 

[29], involved the use of a reduced flow of shielding gas in order to produce sub-optimal parts. 

In their work the PM system generated a colour map illustrating the level of emissions created 

during the processing of Ti-6Al-4V tensile bars. Any abrupt change in the level of emissions 

at a given point that occurred on consecutive layers was deemed an “event”. A strong 

correlation was demonstrated between the increasing volume of “events” and a reduction in the 

parts mechanical properties [29]. The method of analysis however was manual and therefore 

does not facilitate real-time process control. 
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In this study the aim is to apply in-situ process monitoring during the SLM of porous structures. 

The aim is to assess the effect on lattice mechanical performance, of incorporating layers within 

the part, which were processed with a reduction in laser power. The reduction in input energy 

was monitored using a photodiode based monitoring system. The reduction in signal intensity 

detected was compared with ‘control’ layers, for which no reduction in laser energy had been 

applied.  Specifically, the objectives of this study are to: 

− Assess how both the number of layers and the level of laser power reduction effect both 

the process monitoring data generated and the load bearing strength of the as-built 

porous biomaterials. 

− Determine whether or not a correlation exists between the level of deviation between 

the control data and the build data, with a reduction in part strength. 

2 EXPERIMENTAL SETUP 

2.1 MATERIAL & MACHINE SETUP 

All samples were produced using a Renishaw RenAM500M, fitted with an in-situ process 

monitoring (PM) system. This system utilises a 500 W laser (λ = 1.07 μm), with an in focused 

spot size of around 80 μm in diameter. The RenAM500M can operate in both continuous laser 

mode and in a modulated mode. In the latter, the laser fires for a pre-defined amount of time 

following which the laser is switched off and moves a defined distance to the next point location, 

before firing again for the user defined time, known as the exposure time. During this study all 

sample parts were created using the modulated laser mode. All test pieces were fabricated using 

Ti-6Al-4V grade 23 powder, obtained from AP & C, with powder particle diameters in the 

range of 15 to 45 μm. Prior to the build commencing, a vacuum was used to remove the level 

of oxygen in the chamber, following which argon gas was introduced to achieve an inert 

atmosphere. During processing the build platform was maintained at a temperature of 170 °C. 

The InfiniAM Spectral process monitoring (PM) system uses a number of photodiodes to 

obtain data relating to the plasma and IR emissions generated by the meltpools, during the build 

process. Along with this data, data relating to the operational behaviour of the laser is also 

generated [30]. Feedback on the laser energy input is provided through the LaserView module, 

while the level of emissions emitted from the meltpool during processing is obtained through 

the MeltView module. The data is recorded, at 100 kHz, and can then reconstructed into both 

2D and 3D views in near real time [30].  



5 

 

2.2 TEST SPECIMENS 

Diamond based non-stochastic unit cell structures were selected as the focus of this study. 

Firstly due to their close packing density they have potential applications for use as porous 

biomaterials. Secondly, due to the relative ease with which the unit cell geometry can be 

produced using SLM. Finally, this work aims to build on a previous study, in which a process 

parameter-process signature-part quality relationship for diamond based non-stochastic 

structures was demonstrated [31]. In this current study the porous structures were created using 

the single exposure method of fabrication. In this method of fabrication the process parameters, 

namely the beam diameter, the laser power and the exposure time determine the diameter of 

the struts created and therefor control the overall strength of the structure, as demonstrated in 

[31]. For this method of fabrication each meltpool created will form one layer of a given strut. 

For this reason it is critical that each meltpool is formed correctly. The resultant porous 

structures are thus extremely sensitive to imperfections in the meltpool. Any abnormal 

meltpool could result in a defective strut, which in turn could have a serious adverse influence 

on the load bearing capacity of the overall structure. Due to the manner in which these samples 

are formed, using the single exposure method, it is anticipated that the reduced input energy 

layers will result in struts forming with a reduction in  strut diameter, compared to the control 

samples. 

The test specimen used in this work consisted of a (L x W x H) 15x15x28 mm lattice structure, 

composed of 1.5 mm diamond unit cells. The structure created conformed to ISO 13314,  the 

ISO standard describing the method of compression testing of porous metallic structures. After 

the build process, samples were removed from the build plate and cut, using a precision saw, 

to 20 mm in height. Following this, all samples were washed in an ultrasonic bath and dried. 

No post build heat treatment was carried out on the as-built structures.  

For this study all structures were created using the single exposure method, where by the 

process parameters determine the strut diameter. In this study an exposure time and laser power 

of 750 μs and 150 W were utilised respectively, at a layer height of 30 µm.  

The control samples used in this work were processed using these parameters throughout the 

entire structure, while the other test samples were created containing layers with reduced input 

laser power. This was done by reducing the laser power at specific layers within the structures. 

The laser power was intentionally reduced in an in attempt to affect the structural integrity of 

the sample and to induce a difference in the process monitoring data generated, compared to 
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the control sample. This, according to Sharratt [32], is representative of an equipment induced 

defects.  

To assess the sensitivity of the PM system and the mechanical properties of the structures to 

layers processed with low input power, the number of affected layers was varied between 1, 3, 

5,7 and 9, referred to as V1, V3, V5, V7 and V9 in the text that follows. Further to this, to 

assess the sensitivity of the PM system and the mechanical response of the structures to varying 

levels of power reduction, three batches of samples were created, each with an increased level 

of laser power reduction. In the first batch of low input energy samples, an energy reduction of 

33 % was used, referred to as the S1 sample batch. The second and third batches of samples an 

energy reduction of 66 % and 100 % were utilised, referred to as S2 and S3 respectively.  

In the following text samples have a notation of SxVy, where x indicates the level of energy 

reduction and y indicates the number of effected layers, as detailed in  

Table 1. For example, the S2V9 sample is fabricated with a 66 % reduction in input energy, 

over 9 consecutive layers. The aim of designing samples in this manner was to assess the effect 

that a reduction in laser power, over a range of layers, has on the PM data generated and on the 

mechanical response of the structures. These samples are also representative of what might 

arise if a laser malfunction occurred, resulting in the laser not operating at the required level, 

potentially resulting in laser power induced defects occurring.  

Table 1: Notation associated with each test sample produced in this study. Where the S value indicates the level of reduction 

in laser power for the number of layers given by the V value 

 REDUCTION IN LASER POWER 

NO. OF LAYERS 33% 66% 100% 

1 S1V1 S2V1 S3V1 

3 S1V3 S2V3 S3V3 

5 S1V5 S2V5 S3V5 

7 S1V7 S2V7 S3V7 

9 S1V9 S2V9 S3V9* 

*It was found that it was not possible to build the S3V9 test sample due the high number of 

layers with no input energy, therefor this sample was not included in the build analysis. As a 

result, 15 sample types, including the control sample set, were examined, each with a sample 

size of n=4.  
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2.3 DATA ACQUISITION AND ANALYSIS 

During the SLM processes, the process monitoring system was utilised to gather data at a rate 

of 100 kHz. The system uses one photodiode to provide feedback on the laser energy input and 

two photodiodes to provide information about the emissions emitted from the meltpool and the 

plasma created during the SLM process. The data is then used to construct either a 2D or 3D 

representation of the part, in near real time, as described in [30].  

In this study, analysis was carried out after the build was completed on the raw data generated 

during the processing of each individual sample created. The data associated with each sample 

was plotted as a function of build plate location. A region of interest (ROI), 16x16mm, was 

then taken around each structure. The signal generated within each ROI was then analysed on 

a layer-by-layer basis, using the Matlab R2019a software.  

For each of the three photodiodes five data points were generated, they were; (i) the mean, (ii) 

the maximum, (iii) the minimum, (iv) the standard deviation and (v) the sum. The Sum value 

is the total sum of the PD signal generated per layer of each lattice structure. With 5 data points 

been created for each of the three photodiodes, 15 different data sets were created. This resulted 

in over 14,265 data points been obtained per sample (951 layers x 3 photodiodes x 5 recordings 

each= 14,265), with 60 samples a total of 855,900 data points were generated. This resulted 

350 MB of data to be analysed. As the first 8 mm of the build acted as support material, and 

were subsequently removed during the sample preparation stages, the data corresponding to 

these layers was also omitted from analysis. This resulted in a total of 665 layers (~20 mm) 

been analysed. Out of the 665 layers analysed, the number of layers containing reduced input 

energy layers represented between 0.15% and 1.35 % of the total layers. 

2.3.1 Control vs build data  

The 15 different data sets generated by the control samples were taken as a baseline in this 

study. The data generated during the processing of each of the structures, outlined in Table 1, 

was compared to the corresponding baseline data set, on a layer-by-layer basis. The percentage 

deviation that occurred between each was also calculated. In order to allow for some acceptable 

signal deviation, the maximum variance that occurred within the each of the baseline data sets 

was taken as the upper and lower limits of acceptance. When the deviation between the build 

data and the baseline data fell within the acceptable limits, the deviation value was not included 

in any further analysis. Finally, to quantify the effect that the layers with reduced laser power 

had on the PM data generated by each sample, the deviation that occurred between each of the 
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baseline data sets and the corresponding build data sets was summed together to give a Total 

Signal Deviation (TSD). 

2.4 CHARACTERISATION 

To assess the effect that the layers with lower input energy had on the load bearing capacity of 

the porous structures, samples were mechanically tested according to ISO 13314. Samples were 

tested using a Tinius Olsen 50 kN machine, equipped with a 50 kN load cell. A strain rate of 

~10−2 strain/second was used in order to comply to the ISO 13314 specifications. Testing 

concluded after the first maximum compressive load and true elastic gradient of each of the 

samples was obtained. Prior to testing, a frame stiffness correction program was run 5 times on 

the mechanical tester. This allowed for the stiffness of the mechanical tester to be taken into 

account when calculating the strain measurements. 

Computed tomography measurements were obtained using a Phoenix Nanotom |m| system. 

This facilitated structural information relating to the structures to be obtained. Each scan was 

carried out over approximately 9 minutes at 100 kV and 200 µA. A resolution of approx. 7 μm 

was achieved. The processing of the CT data was carried out using VG studio Max 3.3. The 

resulting data was used obtain detailed images of the struts morphology. 

Further examination of the struts was carried out using a Hitachi EM4000Plus SEM, which 

facilitated information relating to the diameter of the struts to be obtained. 

3 RESULTS & DISCUSSION 

This section firstly details the effect of reducing the laser power during the build process, on 

the photodiode data obtained. This is followed by a detailed review of the effect of 

systematically altering laser power on the compressive strength of the resultant porous 

structures. Except where otherwise stated, only the average signal (generated by the n=4 

samples for each sample type) is shown, for ease of interpretation. Note, a number of results 

contain colour images, readers are directed to the electronic version for representation. 

3.1 CONTROL DATA & STRUCTURE 

Figure 1 (top) shows the average, maximum and minimum of the mean photodiode (PD) signal 

generated by PM system during the processing of the control samples used in this study. For 

clarity only a selection of layers is shown. Due to the periodic repeating nature of the structures 

geometry, a repeating trend is observed in the data generated. It can be seen from this figure 
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that despite the parts been produced across different locations on the build plate, there is very 

little difference between the average, the maximum and minimum PD signal obtained.  

 

Figure 1:Photodiode data generated during the processing of all the ‘control’ samples layers 400 to 550. Insert: Detailed 

view of layers 450 to 490 demonstrating the closeness of the data generated between the maximum and minimum PD 

signals. 

A maximum difference of 3.1 % was recorded between the average and the maximum signal 

detected, while a maximum difference of 3.4 % was recorded between the average and the 

minimum signal detected. This low variance indicates that the laser operated consistently 

across the build plate and throughout the entire build process. The 3.1 and 3.4 % variance 

recorded between the control data set was then set as the acceptable limits in the remainder of 

this study. Where deviation between the control data and the build data fell within these limits 

the deviation value was set to zero. This resulted in any minor deviations between the data sets 

been omitted from further analysis. The repeating nature of the signal seen in this figure occurs 

due to the periodically repeating nature of the geometry of the non-stochastic diamond unit 

cells that make up the structure. The high values obtained (~255 counts) in this figure 

correspond to layers where node junctions occurred. At these layers an increased amount of 

exposure points occurred compared to the layers containing just the individual struts. This can 

be seen in Figure 2 centre, where the yellow arrow points to the single exposure points within 

the struts, while the red arrow points to the exposure points within the node junction.  

In a previous study it was demonstrated that the laser parameters control the resultant strut 

diameter, with increasing input energy resulting in increased strut diameters [31]. The struts 

formed within the control samples in this study, processed with 150 W and 750 µs, can be seen 

in Figure 2 right.   
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Figure 2: Left: Macro image of the as built structure. Centre: Image of CAD file of a lattice structure. Yellow arrow pointing 

to the single exposure point within the struts. Red arrow points to the exposure points at the node junctions, image taken 

from the QuantAM build preparation software. Right: SEM image of the struts within the control sample. 

3.2 INFLUENCE OF ENERGY REDUCTION ON THE PROCESS MONITORING DATA   

Figure 3 demonstrates the effect that reducing the laser energy from S1 to S3, had on the mean 

PD signal generated, while processing only a single layer. The result of decreasing the energy 

input by 33%, 66% and 100 %, was a decrease in the mean PD signal generated, from 245 

counts for the control, to 156, 86 and 2 counts, respectively. Similar recordings were observed 

at each of the affected layers when the number of reduced input energy layers was increased. 

For the S1 and S2 samples, this is representative of what might be recorded if the laser did not 

behave as intended and reduction in laser input energy occurred. A 100% reduction in input 

energy during processing could for example, represent what might be detected if the laser failed 

to fire on a given layer or alternatively if a slicing or scan path error occurred, resulting in the 

laser not scanning a layer(s) of a part.   

 

Figure 3: Effect of reducing the energy input, at one layer, on PD response. 

Figure 4 shows the deviation between the control data set and the data generated from each of 

the lattice structures containing layers with reduced input energy, over a selected range of 

layers. From this graph it appears that as the number of low input energy layers increased, at a 

fixed energy input, then the signal intensity remains at a constant deviation throughout each of 

the respective layers. When the level of energy input is further reduced the deviation between 
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the control data and the build data increases, as detailed earlier. The deviation that occurred for 

each of the S1, S2 and S3 samples was approximately 33%, 66% and 99 % respectively, which  

corresponds directly to the level of energy input reduction that was associated with sample. 

This result demonstrates the ability of the in-situ monitoring systems to detect variations in the 

laser input, which could be potentially used to detect laser induced defects. 

 

Figure 4:Effect of energy reduction level and the number of effected layers on the deviation between build data and the 

control data. For colour interpretation readers should see the online version. 

3.3 INFLUENCE OF ENERGY REDUCTION ON THE MECHANICAL RESPONSE OF THE POROUS 

STRUCTURES 

In order to evaluate the effect of reducing the laser energy, the total signal deviation (TSD) was 

calculated, this sums together the percentage deviation that occurred at every layer within the 

structures, thereby providing an indication as to the effect that the low input energy layers had 

on the overall structure.  

Figure 5 to  Figure 7 present the effect that reducing the input energy by  33, 66 and 100% (S1, 

S2 and S3) along with the number of layers (V1 to 9), had on the load bearing capacity of the 

structures. The results are also reported with the corresponding average TSD values, with 

associated max and min error bars. It can be seen from these graphs that as the level of deviation 

between the control data and the build data increased the compressive load (CL) of the parts 

decreased. This occurred due to the increasing number of layers with a reduction in energy 

input having an increasingly negative effect on the load bearing capacity, as well as having an 

increasing effect on the TSD value. Figure 7 shows the load bearing capacity of the S3 

structures. As a number of these samples failed to recover from the layers processed with no 
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input energy, they failed to build successfully. The compressive load of these structures was 

therefor set to 0 N.  

 

Figure 5:Correlation between signal deviation and part compressive load (CL), for parts created with an energy reduction 

of 33% (S1). 

 

Figure 6: Correlation between signal deviation and part compressive load (CL), for parts created with an energy reduction 

of 66% (S2). 

 

Figure 7: Correlation between signal deviation and part compressive load (CL), for parts created with an energy reduction 

of 100% (S3). 
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Figure 5 shows the effects that samples created with an energy reduction of 33% (S1) over the 

range of layers studied, had on the mechanical strength of the structures and on the TSD. It can 

be seen that the reduced input energy associated with this sample batch was sufficient to 

facilitate the formation of strut diameter close to that created by the control layers. Thus, the 

structures still exhibited mechanical strengths which were close to that of the control samples. 

A maximum reduction in load bearing capacity of 10% been obtained for the S1V9; however, 

a two way t-test demonstrated that there was no statistical difference between this sample group 

and the control sample group, for which no reduction in laser energy was applied (p=0.24). The 

effect of processing these reduced input energy layers on the PM data generated can also be 

seen in Figure 5. It was observed that as the number of reduced energy input layers increased, 

an increase in the TSD, from 337% to 738%, was also observed, indicating that the correlation 

exists between the number or layers effected and the TSD value. 

Figure 6 provides details on the effect of a 66 % (S2) reduction in laser energy. It is clear from 

this figure that the reduction in compressive load is significantly more rapid compared to that 

obtained for the 33% reduction in Figure 5. For example, when the energy input was reduced 

for 9 layers (S2V9), the mechanical strength of the structure reduced to just 3014 N, a of 67% 

reduction from the control sample. This is lower compared to the 10454 N obtained for the 

S1V9 structure, yielding a reduction of 10% from the control sample. Similarly, the TSD 

associated with these samples increased from 738%, for the S1V9 sample to 1010% for the 

S2V9 sample. This increased reduction in part strength is associated with the greater reduction 

in input energy associated with the S2 samples, leading to the formation of struts with 

significantly smaller strut diameters been formed, compared to that formed during the 

processing of the S1 samples. This increased reduction in input energy over each of the layers 

also resulted in an increase in the TSD value. 

Figure 7 presents the results associated with the 100% (S3) laser energy reduction samples. 

Similar to the results observed in Figure 5 and 6, as the number of reduced input energy layers 

increased, so too did the TSD. Along with this, as the number of reduced energy input layers 

increased the load bearing capacity of the structures decreased dramatically. The S3 sample 

batch contained layers that were processed with no energy input, however the S3V1 and S3V3 

samples built successfully. A probable explanation for this is that these structures built due to 

the energy input from the subsequent layers, processed with no reduction in input energy, been 

sufficient enough to melt through the unprocessed layers and bond to the structure below. As 

the number of unprocessed layers increased however, for example in the case of the S3V5 and 

S3V7 samples, based on the compressive load performance, the laser energy appeared to be 
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insufficient for adequate bonding between the struts to occur. Nevertheless, even though the 

100% laser energy reduction S3V1 and S3V3 samples built successfully, the presence of the 

unprocessed layers still had a significant negative effect on the structures mechanical properties, 

with a reduction in the compressive load of 6% and 33% obtained respectively.  

 

Figure 8: Reduction in compressive load (CL) of the structures containing low input energy layers, vs. the difference 

between the control samples PD signal and the samples containing low input energy layers PD signal.  

The difference between the PD signal obtained from each of the samples containing low input 

energy layers and that of the control samples is plotted in Figure 8, against the reduction in 

compressive load exhibited by each. This reduction was obtained by calculating the difference 

in compressive load between the control samples and the samples containing low input energy 

layers. This result shows that at low signal deviation (< 891 counts), a maximum reduction in 

compressive load of 6% was obtained. However, as the deviation between the respective data 

sets increased, due to an increase in the amount of low input energy layers and/or the increase 

in the level of input energy reduction, the reduction in part compressive load also increases. 

This result indicates that a correlation exists between the reduction in the compressive load of 

the structures and the deviation between the control samples and the build data’s respective PD 

signals.  

The 66% laser energy reduction S2V3 sample, with ~1200 counts difference, exhibited a 37% 

reduction in compressive load. This appears to be a significantly higher reduction in 

compressive load for the given signal deviation obtained. This is thought to have occurred due 

to the following reason. Compared to any of the 33% (S1) laser energy reduction samples the 

S2V1 sample and the S2V3 sample experienced a significant change in strut formation due to 

the presence of the reduced input energy layers. This can be seen in Figure 9, whereby the 

layers in the S2V3 sample with reduced input energy formed struts that may have acted as a 

week point and a stress concentration point. This ultimately leads to a more severe reduction 

in part strength, compared to the other samples with similar PD signal deviation.  
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3.4 STRUT FORMATION & FAILURE MODE CHARACTERISATION  

Having demonstrated the reduction in compressive strength associated with a reduction in laser 

input energy, this section investigates the effect of altering the laser power on strut formation.  

 

Figure 9: SEM images highlighting the effect that reducing the input energy had on the struts created  Also shown is the 

control sample (DF), bottom right. 

High resolution SEM images were used to provide detailed visual information regarding the 

structural integrity of the as-built structures. Based on an examination of these images, strut 

measurements were taken from all 15 sample types. It was demonstrated that the average strut 

diameter was 363 ± 21 µm. The red circles highlighted in the SEM images given in Figure 9, 

highlight the discontinuities in the strut diameters when reduced energy input was applied 

during the build process. The yellow arrows highlight examples of necking phenomenon that 

also arose due to the reduced input energy layers. The reduction in strut diameter which is 

clearly observed for the S2V9 sample for example, clearly demonstrates how reducing input 

energy clearly effected strut formation. As anticipated this reduction is associated with a 

reduction in the load bearing capacity of the structures, as discussed previously. This figure 

demonstrates, that regardless of the level of input energy reduction, when the number of 

reduced input energy layers was just one (V1), there was little or no effect on the struts formed. 

The minimal effect that processing one layer with reduced, or no input energy (S1V1, S2V1 
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and S3V1) on the struts formed, and on the mechanical response of the structure, is thought to 

be due to the following reasons. During the processing of single layers with reduced laser 

energy of 33, 66, and 100% (the S1V1, the S2V1 and the S3V1), the subsequent layers provided 

enough input energy to negate the presence of the reduced input energy layer. Thus, the reduced 

input energy layer has a minimal effect on the mechanical strength of the structures. However, 

as the number of reduced input energy layers increased, this negative effect could not be 

completely corrected for by the powder melting which occurs during the processing of 

subsequent layers, resulting in the samples with the greater number of reduced input energy 

layers having an increasing effect on the load bearing capacity of the structures.  

As the number of reduced input energy layers increased, for the S1 and S2 sample batches, the 

effect on the struts became more prominent. In the case of the 33% (S1) sample batch, as the 

number of reduced input energy layers increased from 1 to 9, the diameter of the struts created 

within these layers exhibited smaller diameters than obtained throughout the remainder of the 

structure. This occurred due to the lower input energy producing smaller strut diameters. As a 

result of this marginal decrease in strut diameter, only a small decrease in the load bearing 

capacity of these structures (S1V1 to S1V9) was obtained. In the case of the (66%) S2 samples, 

as the number of reduced input energy layers increased from 1 to 3, a small portion of the strut 

was created with a considerably smaller diameter than the control struts. This smaller strut 

diameter provided a potential crack propagation site (indicated by the arrow in Figure 9), both 

these phenomena resulted in the structure having a lower load bearing capacity than the control 

sample, with a reduction of 37% been obtained. As the number of reduced input energy layers 

further increased to 9, these effects were further amplified resulting in the structures load 

bearing capacity been reduced by 67%.  

 

Figure 10: Left: Binary SEM image of a polished S3V3 structure, indicating areas of severe interlayer necking and areas 

where no interlayer bonding occurred. Right: SEM image of node junction indicating areas of no interlayer bonding, 

necking and the location where an increase meltpool depth occurred. 
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In the case of the samples with 100% reduced input energy (S3), as the number of layers with 

reduced input energy increased from 1 to 3, the presence of interlayer necking was observed. 

This in turn may have given rise for a crack propagation site to occur (arrow in Figure 9). In 

the case of the sample with a single 100% reduced input energy layer (S3V1), the energy input 

applied by the subsequent layer was sufficient to melt the powder below the unprocessed layer 

and thus bonding occurred. In this situation however where there was three layers with 100% 

reduced input energy (S3V3), there was insufficient energy applied in the subsequent layers to 

fully penetrate the thick powder layer (~ 90 µm thick) and as a result little or no interlayer 

bonding occurred. This resulted in severe interlayer necking, and in some cases no interlayer 

bonding, occurring. Figure 10 left shows a binary SEM image of the ground and polished S3V3 

sample, where the reduced input energy layers occurred. It is clear to see from this image where 

both the interlayer necking and the areas where no interlayer bonding occurred within the struts. 

Figure 10 right shows a close up view of one of the node junctions where both these phenomena 

occurred.  As a result, the S3V3 samples possessing a significantly lower load bearing capacity 

than the control sample, with a 33% reduction in load bearing capacity been obtained.  

 

 

Figure 11: Left: CT scan of S2V9 sample highlighting struts processed with reduced input energy. Centre: Failure mode of 

S2V9 sample, showing “collapse” failure mode occurring at location where reduced energy input layers were processed. 

Right: Failure mode of the control sample, showing shear-band failure mode occurring. 

A µCT image of the as-built strut obtained with a 66% reduction in input energy over 9 layers 

(S2V9), demonstrates the reduced strut thickness which occurs associated with the use of 

reduced laser energy (Figure 11 left). The results shown in Figure 11 (centre and right), 

demonstrate the effect that the presence of these reduced input energy layers had on the failure 

mode of the structures created, after mechanical testing was carried out. As mentioned 

previously the samples with lower number of reduced input energy layers, regardless of the 

level of reduction, failed in a similar manner to the control samples due to the minimal effect 

that the reduced input energy layers had on the structures overall integrity. These samples, 

along with the control samples, failed with a shear band forming throughout the structure, 
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followed by layer-by-layer crushing along the band. This observation is in agreement with 

other published literature [33].   

When the number of reduced input energy layers increased however, the structures failed in a 

‘collapse’ like manner. A likely explanation for this collapse failure mode is that the smaller 

strut diameters, act as a potential crack propagation site (Figure 10). As the load bearing 

capacity of these layers is reduced, they fail prior to the larger strut diameters, resulting in a 

change in the observed failure mode.  

4 CONCLUSIONS 

In this study a Renishaw 500M system equipped with in-line photodiode (PD) based process 

monitoring capability, was used to create Ti-6Al-4V porous structures using the single 

exposure method. The photodiode data generated during processing of control samples was 

compared to the data generated during processing of the porous structures containing layers 

with reduced energy input. The number of layers containing reduced energy input was varied 

between 1 and 9, while the energy reduction within those layers varied between 33%, 66% and 

100 %, of that used in the control sample. The effect this had on both the load bearing capacity 

of the structures and on the process monitoring data generated during the SLM process, was 

analysed. It was shown that at each of the energy input reduction levels studied, as the number 

of low input energy layers increased, the load bearing capacity of the structures decreased. 

Associated with the increasing number of low input energy layers was an increase in difference 

between the control samples PD signal and the signal generated by the samples containing the 

low input energy layers.  

This study for the first time demonstrates a correlation between the load bearing capacity of 

porous structures and in-situ process monitoring data. The change in PD signal with reduced 

laser energy was directly correlated with a reduction in the load bearing capacity of porous 

structures. By comparing build data when reduced laser energy was applied, to control data, 

valuable process monitoring information relating to the structural integrity of the porous could 

be determined. The sensitivity of the mechanical response of the structures and the PM system 

to layers processed with a reduction in input energy, was demonstrated. For example, when 3 

layers, containing a 33% reduction in input energy was processed, the structures exhibited a 

5% reduction in compressive load, compared to the control. A very similar compressive load 

reduction of 6%, was obtained with a single layer with no power applied (reduction of 100%). 

When 5 layers with a 66% reduced input energy layers was applied, the reduction in load 
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bearing capacity was 62%. It is important to stress however, that the performance of any given 

structure will be dependent on a number of factors, such as part geometry, and the level of input 

energy used in the subsequent layers.  
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